The Maintenance and Reliability Center (MRC) at The University of Tennessee, performs research and applies cutting-edge technology to help its member companies reduce losses caused by equipment downtime. The first MRC research project dealt with the precision alignment of rotating machinery. Controlled experiments were performed at The University of Tennessee and at the Oak Ridge Center for Electrical Machinery System Testing to clearly discern what relationships exist between motor misalignment and motor efficiency. The results of these tests show no significant correlation between misalignment and changes in efficiency when the tested couplings were operated within the manufacturer's recommended range.
INTRODUCTION
The Maintenance and Reliability Center (MRC) is a new and important resource for industry. Headquartered at The University of Tennessee, the center has a commitment to improving the productivity and profitability of its partners in industry. The MRC's vision is to become the international focus for education, research, development, information, and application of advanced maintenance and reliability engineering. There are presently 28 member companies from a variety of areas including energy production, automotive and chemical manufacturing, engineering services, and maintenance equipment and services.
The first MRC research project dealt with precision alignment of rotating machinery. This project was important to several members because of the significant investment of time and money required to perform precision alignments of rotating machinery. The basis for this expenditure is two assumptions. The first is that poor alignment reduces efficiency. Previous research [1] has determined this to be negligible, or rather that efficiency changes are to small to be measured and consequently to small to be have an economic impact.
The second reason given is that poorly aligned machinery degrades more quickly. This degradation usually takes the form of the premature failure of seals and bearings. Mechanical failures of this sort are costly. At best they require that a system in a plant be shut down and that time and manpower be devoted to remedy the situation, and at worst they can be the cause of catastrophic failure of surrounding machinery and potentially be a health risk to plant personnel.
These two assumptions can have a serious impact on the reliability and availability of the equipment, and on the profitability of the company. For these reasons, it is important to understand the affects of machinery alignment to be able to make informed and intelligent decisions on the proper way to perform alignment related maintenance. The relationship between the costs of performing precision machinery alignment and the costs related to different degrees of misalignment need to be quantified.
SHAFT ALIGNMENT
Recent advances in laser alignment technology have made it possible to align motors and the machines which they drive to within very tight tolerances. These tools can give accurate shaft alignment conditions of within 1 mil of offset and 0.1 mils/inch of angular misalignment. Detection of misalignment has been made simple, but achieving the 'perfect' alignment condition is still a time consuming effort. Often, several iterations are required to reach the desired alignment. In addition to this, accurate compensations for thermal growth must be made; this is another added dimension of difficulty to an already tedious process. Those who have performed such an alignment procedure, along with those who have watched the clock during downtime, have inevitably questioned the importance of achieving such high standards of alignment. The cost of performing an additional move to improve an alignment condition must be weighed against the costs of not performing the move.
Shaft alignment can deviate in several directions. There can be offset misalignment in the vertical and horizontal directions, angular misalignments in these directions, and any varied combination of these misalignment cases. Figure 1 shows parallel offset misalignment, in which the shafts of the two machines are on two separate but parallel centerlines; and angular misalignment, in which the centerlines of the two shafts intersect at their coupling point, and are at an angle to each other. The degree to which these misalignments are to be corrected has a large impact on the amount of time needed to perform a precision alignment. Performing alignment is an iterative process requiring several steps of making measurements and adjusting the position of machinery. An initial move may result in an alignment close to the desired tolerance and the move itself may be completed in a matter of minutes. Many more iterations might be needed to achieve perfect alignment, or something very close, and may require hours of work. This increased time takes resources away from other maintenance demands in a plant and may also results in an increase in downtime of machinery. Inevitably, the decision must be made as to how well a given piece of rotating machinery needs to be aligned to be considered good enough.
The questions are raised as to how good is 'good enough', and how necessary is 'perfection'.
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EFFICIENCY ANALYSIS
Many researchers have stated that power efficiency will increase with improved alignment [2, 3, 4, 5, 6 and 7] . These articles claim energy savings of up to 15% with precision alignment. This notion of energy consumption originates from the belief that couplings and bearings of rotating machinery systems whose shafts are operating in a misaligned state will consume power. This power costs money and acts against mechanical systems through increased loading and wear. To verify these claims, controlled experiments were performed at The University of Tennessee and at the Oak Ridge Center for Electric Machinery System Testing to clearly define the relationships between motor misalignment and motor efficiency.
A 50 HP three phase induction motor was connected to a precision dynamometer through a flexible coupling at the University of Tennessee facility and a 60 HP high efficiency induction motor was used at the Oak Ridge facility (See Figure 2) . Two separate motor-dyno systems and instrumentation were used at two locations to validate the results. Four different coupling types were used and are listed along with their manufacturer's recommended alignment limits in Table 1 . The motor was operated at a steady state full load condition in which stator temperatures were constant. The machinery was then misaligned, still under a full load condition, to misalignment conditions which varied for each of the couplings with the values of misalignment ranging from perfect 0 offset and 0 angularity to somewhere between 50% to 100% of the manufacturer's limits. By moving the machinery while under full load, any noted vibrational, electrical, or temperature changes could be attributed to changes in the alignment condition. Several cases were tested for pure offset misalignment and pure angular misalignment. There were also several cases tested in which offset and angular misalignments were combined. Each test run was concluded with an additional efficiency measurement taken with the motor perfectly aligned. This validated the results by assuring there was no drift in the power measurement instrumentation.
The results of this part of the research show no measurable change in motor efficiency related to motor shaft misalignment when the tested couplings were operated within the manufacturer's recommended range. Power consumption and power output remained steady regardless of motor position. However, these results in no way reduce the importance of precise motor alignment.
Other motor performance characteristics such as vibration and coupling and bearing temperature were measured and showed notable increases with increased misalignment. A theoretical analysis of the magnitude of these changes show that less than 0.01% of output mechanical power from the motor is required to drive these forms of detrimental loading. These traits are all related to increased bearing loads and all suggest that misalignment reduces the life span and reliability of motors and their associated components. One example of the efficiency data is included as Appendix A.
BEARING LOAD MEASUREMENTS
To determine the effects of motor alignment on bearing load and subsequent bearing life, the majority of tests are being performed using a 60 hp AC induction motor running fully loaded at about 3562 rpm. The original inboard and outboard bearings have been replaced with smaller bearings and load sensor rings (See Figure 3) . The outer diameters of these sensor rings match those of the current bearings, and are therefor press fit into the end bells of the motor. Strain gages are positioned at eight locations, four per ring. For the outboard bearing sensor ring, the strain gages are installed at the base of the arcs, and on the inboard bearing sensor ring, the strain gages are installed on the flat regions between the outer diameter of the ring and the smaller arcs (See Figures 4) . The strain gages are situated in such a way as to be temperature compensating in the plane in which they are attached. Initially it was important to determine if and how well these sensor rings measure bearing load. A test stand was fabricated to allow easy access to the bearings and sensors and is shown below in Figure 5 . This static testing facility consisted of the motor rotor, the sensor rings, and a support structure. Loads were introduced to the stationary shaft by both weights and misalignment. Initial results of this testing were promising showing load sensor least count sensitivities between 2 and 4 lbs. Another set of tests involved rotating the shafts at a relatively slow speed (75 RPM), and recording the sensor readings as a function of misalignment. These tests showed the expected result that bearing load increased with misalignment, and also gave an unexpected result showing that the bearings were experiencing loads induced by something other than misalignment. When the rotor was turned and allowed to spin freely and uncoupled, there were repeating, oscillating strain signals related to radial shaft position. This load is thought to be due to an imperfect shaft. Since this imperfection is repeatable, it can be removed through digital signal processing.
After this initial testing, the load sensing bearings were installed in the motor casing and dynamic testing was performed with the motor operating fully loaded. The load sensor signals were sampled at a rate of 6000 Hz throughout several different alignment conditions and with four types of couplings (See Table 1 ). This data is used to determine the real time bearing loads resulting from the misalignment. Initial indications show that bearing loads increase with misalignment changes as small as 5 mils. These increased bearing loads decrease bearing life through the following equation [8] .
Where: L10 = bearing fatigue life in hours RPM = operating speed C = bearing basic load rating P = bearing equivalent load x = 3 for ball bearing and 3.33 for roller bearings.
This equation shows that doubling the bearing load reduces the life of the bearing by at least a factor of eight. Tripling the load would reduce bearing life by a factor of 27. It is apparent that loads should be kept as small as possible. The bearing load is dependent on the alignment condition, and the coupling type. Initial results indicate that even small misalignments cause increased loads on the bearings and precision alignment should be used to minimize these loads. The results should be completed by the end of the summer of 1998.
CONCLUSION
The UT MRC collaborated with Oak Ridge National Lab and several industrial participants to determine the relationship between motor misalignment and energy loss.
No motor-system efficiency changes were measured for the different alignment conditions tested. These results have recently been validated by a similar experiment conducted by the Naval Facilities Engineering Service Center in Port Hueneme, California [9] . The relationship between motor misalignment and bearing load is currently being investigated. 
APPENDIX A, RESULTS OF EFFICIENCY TESTING

